In the present work, experimental density measurements are reported along with the derived thermodynamic properties, such as the isothermal compressibility (κ T ), the isobaric expansivity (R p ), and the thermal pressure coefficient (γ V ) for imidazolium-, pyridinium-, pyrrolidinium-, and piperidinium-based ionic liquids ( 
Introduction
The widespread use of volatile organic compounds (VOCs) in many industrial chemical processes is an issue of great environmental concern. VOCs released into the atmosphere by industrial processes and products 1 contribute to climatic changes, air pollution, and human health-related issues.
2 Therefore, the search for possible alternative compounds becomes essential due to the growing interest in green technologies. For the past few years, ionic liquids (ILs) have been considered one of the most promising alternatives to VOCs.
The research areas on ILs are growing very rapidly, and the potential applications of ILs are numerous. Their unique properties make them useful in important areas such as solvents for chemical synthesis and catalysis; in liquid-liquid extractions; in gas-liquid absorption; in liquid membrane separations; as electrolytes in electrochemistry, in fuel and solar cells; in nanomaterial technologies; in the preparation of polymer-gel catalytic membranes; as stationary phases for chromatography; as matrices for mass spectrometry; as supports for the immobilization of enzymes; as liquid crystals; as heat transfer fluids; as azeotrope-breaking fluids, lubricants, and plasticizers; as anticorrosion coatings, electropolishing agents, antimicrobial agents; and in the generation of highconductivity materials. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Although much work has been devoted to the wide range of applications of ILs, the basic understanding and study of their structure-property relationships has not been made extensively. To better understand the nature of ionic liquids and rationally expand their applications, knowledge of their physical properties is required. The design of industrial processes and new products based on ILs can only be achieved when their thermophysical properties, such as viscosity, density, and interfacial tension, are adequately characterized. The IUPAC Ionic Liquid database (ILThermo) provides up-to-date information on thermophysical properties of ILs and their mixtures, with more than 40 000 total data points from 231 publications. 17 During the past few years, investigations on thermophysical and thermodynamic properties of pure ILs have increased; [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] however, they are by no means exhaustive, and it is necessary to accumulate a sufficiently large data bank not only for process and product design but also for the development of correlations for these properties.
This paper is a continuation of previous works 36, 37 on highpressure densities and derived thermodynamic properties of ILs. In this work, the experimental measurements of the pressure (0.10 < P/MPa < 35.00) and temperature (293.15 < T/K < 393.15) dependence of the density of imidazolium-, pyridinium-, pyrrolidinium-, and piperidinium-based ionic liquids (ILs), namely, clude about the cation effect and also to study the effect of alkyl chain length on the pyrrolidinium ring on the density and derived properties. The effect of alkyl chain length on the imidazoliumbased ILs, having the [CF 3 SO 3 ] anion, on the density and derived properties has been studied. This study complements our previously published data 36 Experimental Procedure. Experimental densities were measured using an Anton Paar DMA 60 digital vibrating tube densimeter, with a DMA 512P measuring cell in the temperature range (293.15 to 393.15) K and pressure range (0.10 to 35.00) MPa. The temperature in the vibrating tube cell was measured with a platinum resistance probe which has a temperature uncertainty of ( 0.01 K coupled with a GW Instek Dual Display Digital Multimeter GDM-845. A Julabo P-5 thermostatic bath with silicone oil as circulating fluid was used in the thermostat circuit of the measuring cell which was held constant to ( 0.01 K.
The required pressure was generated and controlled with a Pressure Generator model 50-6-15, High Pressure Equipment Co., using acetone as the hydraulic fluid. The diameter of the metallic tube is 1.59 · 10 -3 m, and the buffer is more than 1 m in length which guarantees the inexistence of diffusion of the hydraulic liquid in the liquid contained in the cell of the densimeter. Pressures were measured with a pressure transducer (Wika Transmitter S-10, WIKA Alexander Wiegand GmbH & Co.) with a maximum uncertainty of ( 0.03 MPa. An NI PCI-6220 data acquisition board (DAQ) from National Instruments (NI) was used for the real-time registration of values of period, temperature, and pressure. For this task, a Labview application was developed. Modules of temperature (NI SCC-FT01) and pressure (NI SCC-CI20) were installed into an NI SC-2345 carrier and connected to the DAQ board.
The calibration of the vibrating tube densimeter was described in a previous work of Gardas et al. 40 The equation proposed by Niesen 41 which has a solid theoretical basis as discussed by Holcom and Outcalt 42 was used for that purpose. The standard deviation of the fitting is in the order of ( 1 kg · m -3 . The average absolute relative deviation, AARD, from the experimental data to the fitting is 0.02 % for all the ILs studied.
The influence of the viscosity on the densities was evaluated. To check the effect of viscosity in the density, a viscosity correction for compounds with viscosities < 100 mPa · s was applied with the equation proposed for the density uncertainty of an Anton Paar DMA 512 densimeter. 43 For compounds with viscosities higher than 400 mPa · s, the correction factor becomes constant 44 and equal to 0.5 kg · m
, and between (100 and 400) mPa · s, the viscosity correction follows an intermediate behavior. 46 at atmospheric pressure and temperature in the range (293.15 to 348.15) K, where the viscosity of both ILs is < 100 mPa · s, allowed us to calculate an average density uncertainty less than 0.5 kg · m -3 . For other ILs and/or other higher pressures where the viscosity increases, the correction value was assumed as 0.5 kg · m -3 , being less than the uncertainty in the overall density data, which is 1 kg · m -3 , and for that reason, viscosity corrections were neglected in the present work.
Results and Discussion
Density Measurements. Density measurements were carried out at temperatures ranging from (293.15 to 393.15) K and Tables 1 and 2 for all the ILs studied. Density data for some of the studied ILs are already available in the open literature but only at atmospheric pressure, 27, [45] [46] [47] [48] [49] [50] and the relative deviations between the experimental data obtained in this work are presented in Figure 1 . To the best of our knowledge, no literature data on densities were previously available for [C 3 49 The data of [C 4 mpyr][NTf 2 ] are higher (within 0.9 %) than the values of Tokuda et al. 46 and Anthony et al. 50 and show both negative and positive deviations (ranging from -0.7 % to 0.7 %) from the values of Kato and Gmehling. 27 These deviations can be due essentially to the salt's purity including water and halide content and also to the experimental technique adopted.
From the experimental densities for a given anion, it is observed that as the alkyl chain length in the pyrrolidinium cation increases the density of the corresponding IL decreases, similar to that observed for imidazolium-based ILs. 37 The average molar volume change of (16.2 ( 0.5) cm 3 · mol -1 is observed in the measured data by the addition of a -CH 2 group to the pyrrolidinum cation, whereas considering our previous data 36 for [C 4 mim][CF 3 SO 3 ] , it is (16.4 ( 0.5) cm 3 · mol -1 for the addition of a -CH 2 group to the imidazolium cation which is in good agreement with the our previous work 36, 37 and also the works by Azevedo et al. 22, 23 and Esperança et al. 24, 25 and is anion-size independent.
The molar volumes for a series of ionic liquids with the same anion, [ . Due to differences in molecular weight, this effect is not directly translated in a similar dependence in the densities. The results of this study indicate that the densities of ILs from families other than the imidazolium can be manipulated by judicious selection of the cation and anion. A regular increase in the molar volume with the addition of -CH 2 groups to the cation alkyl chain length was observed.
DeriWed Thermodynamic Properties. The liquid densities were correlated with the Tait equation, 38 and other thermodynamic properties such as the isothermal compressibility, κ T , the isobaric expansivity, R p , and the thermal pressure coefficient, γ V , were calculated and reported as Supporting Information. The results show that the Tait equation correlates well the pure ILs studied with an average absolute relative deviation (AARD) inferior to 0.02 %.
The following form of the Tait equation
where
was fitted to the density data. In eq 2, a 1 , a 2 , and a 3 were found by fitting to the experimental F(T, P ) 0.1 MPa) and are given in Table 3 . Coefficient B is defined as
The coefficients C, b 1 , and b 2 were obtained by fitting the Tait equation to experimental data, and their values along with thestandard deviation σ of fit are given in Table 4 . The standard deviation is defined by 
where N p represents the number of data points (N p ) 91) and k is the number of adjusted parameters (k ) 3). The average absolute relative deviation (AARD) was defined as AARD )
and is listed in Table 4 . Figure 2 shows the good agreement between the experimental density data and isotherms obtained with the Tait equation. The Tait equation is an integrated form of an empirical equation representative of the isothermal compressibility behavior versus pressure. The effect of pressure in density can be best described by the isothermal compressibility, κ T , which is calculated according to the following expression
where F is the density and P the pressure at constant temperature, T. The isothermal compressibilities can be calculated using eqs 1 and 6
For illustration purposes, the isothermal compressibilities of (at 393.15 K, 0.1 MPa). The IL isothermal compressibilities are similar to those of water and high-temperature molten salts and are less compressible than organic solvents due to the strong Coulombic interactions between the ions. 29, 51 The isobaric expansivity, R P is defined as
and the following expression is derived from the Tait equation, eq 1
where dB/dT ) -b 2 /T 2 . The values of R p are presented in the Supporting Information, as Tables ST2, for all investigated ILs. The R p decreases with temperature as shown in Figure 4 for [C 3 mpyr][NTf 2 ]; nevertheless, the ILs studied do not notably expand with temperature. However, there are some ILs that present more significant decreases in R p with temperature, 52 but in fact, ILs do not expand markedly with temperature and have R p values lower than most organic liquids and similar to that of water. From eq 9, the isobaric expansivity, for the studied range of temperature 
The thermal pressure coefficients as a function of pressure obtained for investigated ILs are shown in Figure 5 Table ST3 ). The uncertainties in γ V were determined with the law of propagation of errors from those of R p and κ T . We have obtained high uncertainties of the same magnitude of the thermal pressure coefficient.
A comparison for the isothermal compressibilities and isobaric thermal expansivities as a function of temperature at a constant pressure of 35.00 MPa for the ILs studied is presented in Figure  6 . By considering the studied pyrrolidinium-based ILs, Figure  6 a, there is an indication that the ILs with higher molar volumes are generally more compressible since the κ T increases with the alkyl chain length of the cation. This behavior of pyrrolidiniumbased ILs is similar to previously studied imidazolium-based ILs. 36, 37 Moreover, by considering the studied ILs having the same anion, [NTf 2 ]
-, the influence of the cation on the isothermal compressibility and isobaric thermal expansivity is not very pronounced unlike that previously observed for imidazolium-based ILs with different anions. 36, 37 Density Modeling. Recently, we proposed a new method 39 for the estimation of ionic liquid densities in a wide range of temperatures (273.15 to 393.15) K and pressures (0.10 to 100) MPa, according to eq 11
where F is the density in kg · m -3 ; M is the molar mass in kg · mol -1 ; N is the Avogadro constant; V is the molecular volume in Å 3 ; T is the temperature in K; and P is the pressure in MPa. The coefficients a, b, and c were estimated by fitting , respectively, at the 95 % confidence level. The average absolute relative deviation of calculated densities from the experimental densities is 0.29 %. The experimental density (Y), for the ILs used to obtain coefficients a, b, and c of eq 11, is essentially identical to its calculated density (X): Y ) (0.9998 ( 0.0003) X (correlation coefficient: R 2 ) 0.9989, at 95 % level of confidence). For the density calculation, volume parameters (V) of ions and groups were either directly taken from the literature 53 or calculated following the Jenkins procedure. 54 The volume of the 1,1-dimethylpiperidinium cation is estimated in this work as 194 Å 3 by minimizing the objective function (OF) (12) where N p represents the number of data points (N p ) 2 ] were calculated by using eq 11. Calculated densities with the average absolute deviation (AAD) of studied ILs are shown in Table 5 . As shown in Figure 7 These results show that the density estimation method proposed by Gardas and Coutinho 39 can be applied with confidence to ionic liquids from families other than those used on the development of the correlation.
Conclusions
Experimental density data for five pure ILs in the temperature range (293.15 to 393.15) K and pressure range (0.10 to 35.00) MPa are presented. Density results can be explained by structural variations in the cation and anion. From the experimental data, a proportional molar volume increase was observed with the alkyl chain length of the cation of ILs. The liquid densities were correlated with the Tait equation 38 that has been shown to describe well all the pure ILs studied with an average absolute relative deviation (AARD) less than 0.02 %.
The experimental results were also used to estimate some derivative thermodynamic properties such as the isothermal compressibility, the isobaric expansivity, and the thermal pressure coefficient of the studied ILs that are difficult to obtain by direct measurements at extreme conditions of pressure and temperature.
The Gardas and Coutinho 39 method for the prediction of ionic liquid densities was tested against the measured densities with excellent results showing that it applies to other ionic liquid families than those used for its development.
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An additional three tables. This material is available free of charge via the Internet at http://pubs.acs.org. 
Literature Cited

